Several studies have suggested an association between human herpesvirus 6 (HHV-6) and multiple sclerosis (MS). We have previously studied intrathecal production of antibody to lymphotropic herpesviruses in MS patients and the presence of human herpesvirus 1 to 7 DNAs in cerebrospinal fluid (CSF). In the present study anti-HHV-6 immunoglobulin M (IgM) in serum and anti-HHV-6 IgG subclasses in serum and CSF were examined and the lymphoproliferative response to HHV-6 was analyzed. The PCR examination was refined by purifying DNA from CSF and retesting the samples for HHV-6 DNA. There were no statistically significant differences between the groups concerning IgM positivity, distribution of IgG subclasses, or lymphoproliferative response to HHV-6. The purification of DNA increased the number of PCR-positive samples from 0 of 71 to 4 of 68. The study does not give additional support to the possibility that HHV-6 is a common cause of MS, but a role for the virus in a subset of patients cannot be excluded.
Multiple sclerosis (MS) is a disease of unknown etiology. It is characterized by a relapsing and remitting or a chronic progressive course, and its pathology includes inflammation and destruction of oligodendrocytes which results in plaques of demyelination within the white matter in the central nervous system. Epidemiological studies suggest that an infectious agent may be involved either as an initiating event or as a direct pathogen in plaque formation (6) . Earlier studies have pointed to different members of the herpesvirus family as possible agents. Several features make the herpesviruses attractive candidates since the majority of them are neurotropic, they establish latency, they are periodically reactivated, and they have the capacity to induce demyelination. Herpes simplex virus and Epstein-Barr virus (EBV) have been discussed previously (14, 20) . Recently, much interest has been focused on human herpesvirus 6 (HHV-6) since HHV-6 has been found in cerebrospinal fluid (CSF) from MS patients (7, 22) and in MS plaques (2) . Also, the sera of MS patients have been shown to have increased titers of anti-HHV-6 immunoglobulin G (IgG) antibodies compared to the titers in the sera of healthy controls (18, 22) . One recent study reported increased anti-HHV-6 IgM responses in sera from MS patients and reported on the detection of HHV-6 DNA in serum in 30% of the MS patients (19) . Fulminant demyelinating disease has also been associated with HHV-6 (15) .
In a previous study we examined intrathecal production of antibodies to HHV-6, EBV, cytomegalovirus, and the measles virus in MS patients (5) . Elevated titers of antibodies to several herpesviruses were found in CSF from MS patients compared to the titers in the control group, but the results argued more for a nonspecific immunoactivation within the central nervous system than for a specific response to an active intrathecal HHV-6 infection in MS patients. In the present study we have investigated whether an aberrant immunological response indicating an active HHV-6 infection or a defect in immunological control of HHV-6 could be found in MS patients. Anti-HHV-6 IgM antibodies in serum and anti-HHV-6 IgG subclasses in serum and CSF from MS patients were examined. Previous studies have indicated that intrathecal production of virus-specific IgG subclasses other than IgG1 may be a marker of the presence of the antigen (12) . Earlier, we analyzed CSF samples from these patients by PCR but did not detect DNAs of human herpesviruses 1 to 7 (11) . In the present study we refined the HHV-6 PCR examination by analysis of purified DNA from CSF samples. The T-cell proliferative response to nucleocapsid antigens from the GS strain and the Z29 strain, representing HHV-6 variants A and B, respectively, was examined for evaluation of the cellular immunological response to HHV-6.
MATERIALS AND METHODS

Patients. (i) Serological assays and PCR.
Fifty-five patients (41 females) had clinically definite MS according to the criteria of Poser et al. (17) . The median age of the patients was 36 years (age range, 15 to 60 years). Nineteen of the MS patients had early, laboratory-supported definite MS according to the criteria of Poser et al. (17) , with laboratory support including oligoclonal bands in CSF and abnormalities on brain magnetic resonance imaging (median duration, 6 weeks). The control group consisted of 20 patients with other neurological diseases: tension headache (5 patients), vertigo (3 patients), cerebrovascular disease (3 patients), Parkinson's disease (2 patients), migraine (1 patient), borrelia meningitis (1 patient), Alzheimer's disease (1 patient), communicating hydrocephalus (1 patient), polyneuropathy (1 patient), and mononeuropathy (2 patients). This study was performed retrospectively.
(ii) Lymphoproliferative assays. Samples from 14 MS patients (10 females) with a median age of 54 years (age range, 36 to 64 years) were examined by lymphoproliferative assays. They had a median duration of disease of 14.5 years (range, 4 to 35 years). For disability and form of disease, see Table 1 . In a parallel study, samples from 29 staff members from either the Swedish Institute for Infectious Disease Control or Huddinge Hospital (Stockholm, Sweden) were used for comparison (21) . Peripheral blood samples were drawn into tubes containing heparin, and the tubes were stored at room temperature until they were analyzed on the same day of collection.
PCR with CSF. DNA was extracted from the CSF samples with the QIAmp Blood Kit (Qiagen GmbH, Hilden, Germany). The instructions from the manufacturer were followed, with the exception that DNA from a 200-l sample was eluted in 50 l of water instead of 200 l of water in order to concentrate the DNA. The PCR was performed as described previously (3) with duplicates of 10-l sets of the extracted DNA. If only one of the duplicates was positive, the examination was repeated. If one or two of the duplicates were positive the second time, the sample was considered positive. The sensitivity of the PCR system as determined by examination of purified genomic DNA from laboratory strains of HHV-6 (strains GS and Z29) was 2.5 fg of DNA (15 genomes).
Anti-HHV-6 IgM serology. IgM antibodies to HHV-6 in serum were determined by an indirect immunofluorescence assay by a previously published method (4). Preparations were made from the HSB-2 cell line infected with HHV-6 GS (the cell line and virus were kindly donated by R. Gallo). All samples tested were previously absorbed with rheumatoid factor absorbent (Behring Diagnostics GmbH, Marburg, Germany) according to the instructions of the manufacturer. The serum samples were examined at a 1:20 dilution. Incubation of serum was overnight at 37°C, and after washing, a fluorescein isothiocyanatelabelled rabbit anti-human conjugate (Dakopatts, Copenhagen, Denmark) was added for 30 min at 37°C. The slides were examined in a fluorescence microscope at a magnification of ϫ400.
IgG subclasses. IgG subclasses to HHV-6 and EBV viral capsid antigen (VCA) were detected by immunofluorescence assays by previously published methods (8) . The same type of HHV-6 preparations used for the HHV-6 IgM assay was used. EBV VCA preparations were made from the EBV-expressing P3HR-1 cell line. The CSF samples were diluted 1:2, and the serum samples were diluted 1:5 to 1:20. The slides were incubated with CSF or serum for 1 h at 37°C. After washing off the serum or CSF, mouse ascitic fluids containing monoclonal antibodies to human IgG1 to IgG4 (clones NL16, GOM1, ZG4, and RJ4 for IgG1 to IgG4, respectively; Oxoid, Hampshire, England) were added at a 1:100 dilution for 1 h at 37°C. Finally, a fluorescein isothiocyanate-labelled rabbit anti-mouse conjugate (Dakopatts, Copenhagen, Denmark) was added, and incubation was continued for another hour at 37°C. The slides were examined in a fluorescence microscope at a magnification of ϫ400.
Lymphocyte proliferation assay. The methods for antigen preparation and the lymphocyte proliferation assay have been described previously (9, 21) . Briefly, HHV-6 antigens, predominantly containing nucleocapsids, were prepared from HSB-2 cells infected with strain GS (variant A) and MOLT-3 cells infected with strain Z29 (variant B). Virus-infected cells were collected by centrifugation at 420 ϫ g for 15 min, resuspended in 1/20th of the original culture volume of 0.1 M glycine buffer (pH 9.5), sonicated on ice, and centrifuged at 4,700 ϫ g for 60 min at 4°C. The supernatants were collected and used as antigens. Control antigens were prepared from uninfected HSB-2 and MOLT-3 cells. Nuclear antigens from a local varicella-zoster virus (VZV) strain (strain 9/84) grown in fetal fibroblast cells were prepared in the same way and were used as a control antigen for the specific lymphoproliferative assay. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Pharmacia Biotech AB, Uppsala, Sweden), washed twice with RPMI 1640 medium, and resuspended in culture medium which consisted of RPMI 1640 medium supplemented with glutamine, penicillin, streptomycin, 2-mercaptoethanol, and 10% human type AB-positive serum. The PBMCs were adjusted to 1.5 ϫ 10 6 cells/ml, and 100 l of the cell suspension was added to each well of a 96-well flat-bottom plate. One hundred microliters of antigen diluted in RPMI 1640 medium was added to each well. Proliferation was measured by [ 3 H]thymidine incorporation after 6 days of incubation at 37°C and was expressed as counts per minute. Results were expressed as stimulation indices, which were derived by division of the counts per minute obtained after antigen stimulation by the counts per minute obtained after stimulation with the corresponding control antigen. A response was considered positive if the stimulation index was greater than 2 and the net counts per minute (the counts per minute of the antigen reduced by that of the control antigen) was greater than 1,000.
RESULTS
PCR.
Samples from four of the MS patients were excluded from the PCR examination due to a lack of CSF, which left 51 patients in this group. Three (5.9%) of them had detectable HHV-6 DNA in their CSF. In the control group three patients were excluded due to a lack of CSF. One (5.9%) of the 17 CSF samples examined had detectable HHV-6 DNA.
IgM. The serum of 1 (1.8%) of the 55 MS patients was positive for anti-HHV-6 IgM. Sera from the control group were not examined for IgM.
IgG subclasses. Among the patients in the control group, one patient lacked detectable anti-HHV-6 IgG1, but the sera of all the other patients in the two groups were positive for anti-HHV-6 and anti-EBV IgG1. Anti-HHV-6 IgG2 was found in 9 of 55 (16%) of the MS patients and 3 of 20 (15%) of the controls, IgG3 was found in 23 of 55 (42%) of the MS patients and 9 of 20 (45%) of the controls, and IgG4 was found in 3 of 55 (5.5%) of the MS patients and 4 of 20 (20%) of the controls (Fig. 1a) . Anti-EBV IgG2 was found in 5 of 55 (9.1%) of the MS patients and 4 of 20 (20%) of the controls, IgG3 was found in 8 of 55 (15%) of the MS patients and 4 of 20 (20%) of the controls, and IgG4 was found in 6 of 55 (11%) of the MS patients and 1 of 20 (5%) of the controls (Fig. 1b) . There was no significant difference between the groups in the distribution of the IgG subclass for antibodies to HHV-6 or EBV in serum (Fisher's exact test).
The only virus-specific IgG subclass that was found in CSF was IgG1. Anti-HHV-6 IgG1 was found in 15 of 55 (27%) of the MS patients and 0 of 20 of the controls. Anti-EBV IgG1 was found in 33 of 55 (60%) of the MS patients and 2 of 20 (10%) of the controls.
Relation between results of different assays. The HHV-6 IgM-positive MS patient did not have detectable HHV-6 DNA in CSF or any HHV-6 IgG subclass other than IgG1 in serum. All three patients who were PCR positive for HHV-6 DNA in CSF had HHV-6 IgG1 in their sera, and one also had detectable IgG2 and IgG3. Three of the 23 MS patients with detectable IgG3 antibodies to HHV-6 in their sera also had IgG3 to EBV, but other than these patients, no patients with MS or controls had IgG subclasses other than IgG1 to both HHV-6 and EBV in serum. None of the PCR-positive patients had any detectable virus-specific IgG subclass in CSF.
Lymphocyte proliferation assay. In the MS group, 5 of 14 (36%) patients had a detectable lymphoproliferative response to HHV-6 variant A and 8 of 14 (57%) patients had a detectable lymphoproliferative response to variant B. In the control group of healthy Swedes (21), a lymphoproliferative response to HHV-6 variant A was demonstrated in 6 of 29 (20%) subjects and a lymphoproliferative response to variant B was dem- VOL. 6, 1999 HUMAN HERPESVIRUS 6 IN MULTIPLE SCLEROSIS 547 onstrated in 14 of 29 (48%) subjects. There was no significant difference between the MS group and the control group regarding the frequency of positivity for HHV-6 (Fisher's exact test). The median net counts per minute among the positive patients in the MS group was 2,410 cpm for the HHV-6 variant-A antigen and 7,280 cpm for the variant-B antigen. In the control group the median net counts per minute was 6,000 cpm for the variant-A antigen and 3,000 cpm for the variant-B antigen for the positive patients. Twelve of 14 (86%) patients in the MS group and 20 of 20 (100%) subjects in the control group responded to the VZV antigen. All patients in both groups responded to phytohemagglutinin.
DISCUSSION
A normal IgG subclass response to a viral infection is dominated by IgG1 and IgG3. IgG4 is more infrequently detectable. IgG3 may be a marker for ongoing infection, and IgG4 may be a marker for repeated antigen exposure (10) . Increases in the titers of antigen-specific IgG subclasses are found in patients with some autoimmune diseases, such as rheumatoid arthritis, diabetes mellitus type 1, and myasthenia gravis (10) . Isotype restriction may suggest an abnormal immune response. A difference in the distribution of anti-HHV-6 IgG subclasses in the MS patients compared to that in the control group would therefore strengthen the hypothesis that HHV-6 is involved in the pathogenesis of MS. In this study we found the same prevalence of IgG1 to IgG4 in the sera of MS patients as in the sera of controls. IgG1 was the dominant specific subclass of IgG antibodies to both EBV VCA and HHV-6. All patients who were previously positive for total IgG (5) were also positive for IgG1. The distributions of the different IgG subclasses were similar both when the MS patients were compared to the control group and when the pattern for HHV-6 was compared to the one for EBV. The only IgG isotype that was found in CSF was IgG1. Exactly the same patients who were previously positive for total IgG to HHV-6 or EBV were positive for anti-HHV-6 or anti-EBV IgG1, respectively, in CSF (5). Additional evidence supporting a role for HHV-6 in MS was thus not obtained by analysis of specific IgG subclasses.
The anti-HHV-6 IgM positivity rate for the sera of the MS patients was 1.8%. That is a frequency similar to what we found when we examined 162 healthy Swedish blood donors (unpublished data). In that group four subjects (2.5%) were positive. Similar rates have also been published in reports of other studies (16, 19) . When preparing slides for HHV-6 immunofluorescence assays for both IgM and IgG subclasses, we have used cells infected only with the GS strain of the virus. However, these samples have earlier been examined for total anti-HHV-6 IgG by an immunofluorescence assay with both GS-and Z-29-infected cells. There was very little difference when the titers obtained with the two strains were compared, and we believe that the results of this study would not have been different if the Z-29 strain had been used. In another study in which an IgM response was detected, HHV-6 early antigen (p41/38) was used (19) . An antigenic difference may explain the lack of IgM in our study, but with the use of a monoclonal antibody (1) we have demonstrated that p41/38 is indeed expressed in our preparations.
There were no significant differences in lymphoproliferative responses when the MS patients were compared to the control group of healthy Swedes (Fisher's exact test). This argues against a different T-cell response to HHV-6 in MS patients. It is interesting, however, that the patient with exacerbated relapsing and remitting disease had a positive lymphoproliferative response to both HHV-6 variant A and HHV-6 variant B, while two of the patients with relapsing and remitting disease in remission were negative for responses to both variants, and one was positive for a response only to variant B. A follow-up study with subsequently obtained samples could therefore be of interest.
The purification of DNA gave a slightly higher frequency of patients whose CSF was positive for HHV-6 DNA than that obtained in our previous study, in which we failed to detect any HHV-6 DNA-positive samples (11) . This is probably due both to the increased concentration of DNA obtained by the DNA purification process and to a possible decreased inhibition of the PCR when purified DNA instead of complete CSF is used. Still, the frequency of HHV-6 DNA in CSF was quite low, 5.9% both in the MS group and in the control group, and does not indicate that HHV-6 is a major cause of MS. In a previous study in which extracted DNA from 50 l of CSF was used, the CSF of 14% of MS patients was found to be positive for HHV-6 DNA, whereas the CSF of none of the patients with other neurological diseases was found to be positive for HHV-6 DNA (22) . It is possible that a more sensitive assay was used and that an increased sensitivity would further increase the number of positive samples in our study. We have, however, no reason to believe that this would lead to any major differences between the two groups since with the increase in sensitivity in this study, HHV-6 DNA was detected in CSF equally frequently in MS patients and controls.
In a subanalysis of the 19 MS patients with an early form of the disease, we found nothing that indicated a different response to HHV-6 in this group compared to that in the other MS patients. There were no statistically significant differences between the results for two subgroups of MS patients by any of the assays.
Several studies have suggested that HHV-6 is involved in the pathogenesis of MS (2, 7, 18, 19, 22 ). An aberrant immunological activity to HHV-6 in these patients would strengthen this hypothesis. In this study, however, we found no indications of a different immunological response to HHV-6 or a more active HHV-6 infection in the MS patients compared to the response to HHV-6 and the level of activity of the infection in the control group. The CSF of the MS patients also did not have a high prevalence of detectable HHV-6 DNA. These findings agree with those of a recently published study in which HHV-6 DNA was found only infrequently in PBMCs from MS patients (13) . If there is an association between MS and HHV-6 it is probably limited to relatively few patients. Thus, our study and those of other investigators do not support the idea that HHV-6 is a major cause of MS but it may be of importance for individual patients. Antiviral treatment may be an option if HHV-6 and other herpesviruses are involved in the pathogenesis of MS in a subset of patients. If ongoing studies verify that antiviral agents are beneficial for patients with MS, it will be extremely important to find suitable methods for the identification of patients who should be treated, and further studies should probably focus on that issue.
